Introduction: Glucosamine (GA), a water soluble hexosamine made from chitin or chitosan, was showed to have stimulatory effect on matrix formation, enhancing inflammatory response, modulating hyaluronic acid synthesis which promotes extracellular matrix remodeling leading to better wound healing. GA was also shown to have antioxidant and immunomodulatory effect which play roles in wound healing process. In this study we aimed to determine the effect of topical administration of GA on wound healing process in rats as animal model.
Introduction
The wound healing process is consisted of several components including fibroblast activation and migration, reepithelization, endothelial cell proliferation, and angiogenesis, all along with inflammatory response and oxidative reaction in the damaged site [1] . The wound repair and the tissue regeneration process begins immediately after the injury by the release of different growth factors, cytokines, and etc [2] . In addition, some complications such as disruption of blood vessels, infection and advanced inflammation might occur during the repair process [3, 4] . Conclusively, intervening in any step of the healing process may affect the rate and quality of tissue regeneration. Glucosamine (GA) is a hexosamine product made from chitin (which is extensively distributed in nature and is the second most plentiful polymer after cellulose) or chitosan (a cationic polysaccharide derived from N-deacetylation of chitin by hydrolysis) and is a watersoluble material [5] . Many biological, nutrimental and pharmaceutical effects of GA, such as membrane stabilization, liver protection [6] , wound healing promotion by enhancing the synthesis of hyaluronic acid [7] , and application in osteoporosis treatment [8] have been previously reported. Recently GA is receiving more attention because of its facile absorption and medicinal properties. GA anti-inflammatory activity has been extensively investigated on active inflammatory states such as osteoarthritis [9] . GA also exhibited multiple antioxidant effect as it showed noticeable reducing power and the ability of superoxide/ hydroxyl-radical scavenging in vitro [10] and in vivo as well as immune modulatory impact [11] . Several studies, which mostly focused on oral and systemic administration of GA, investigated its beneficial effects on skin damages, [12] while investigations on wound healing effects of topical GA administration are still lacking. However, according to previous studies, GA was demonstrated to accelerate the wound healing and tissue regeneration rate as well as increasing the moisture content, and reducing wrinkle and scar formation [7, [13] [14] [15] .
In this study, we aimed to determine the effects of topical administration of 2% GA-gel on full thickness skin wounds in laboratory rats by using stereological methods for evaluation of the wound closure rate as well as quantitative estimation of vascularization, collagen bundle synthesis, hair follicle production, and fibroblast proliferation.
Materials and Methods

Preparation of creams
D-(+)-Glucosamine (GA) was supplied by Sigma™ (St Quentin Fallavier, France). In order to facilitate the application of the agent, we provided 2%, 4% and 8% GA gel by dissolving 2 g, 4 g, and 8 g GA, respectively in 2 cc distilled water and then transferred the solution into 2% carboxymethylcellulose (CMC) (2 g CMC dissolved in 98 cc distilled water). The gel base was also supplied by creating 2% CMC gel without the GA component.
The pilot study:
To determine the dose-dependent effect of GA on wound closure rate, a pilot study was conducted with three groups, numbered from 1 to 3, each consisted of eight rats with a 1 cm 2 wound on the posterior surface of their neck (n=8). The 2%, 4%, and 8% GA gels was topically administered to groups 1 to 3, respectively, and the mean wound closure rate in each group was determined during a 12 days time period. The wound closure rates in the groups 1, 2, and 3 were 6.45%/day, 7.21%/day, and 7.67%/day, respectively. Since there was statistically insignificant difference between the three groups (P=0.9), the lowest dosage, 2% GA gel, was selected for conducting the main study.
Animals and excision of wound model:
In a randomized experimental study, 36 male Sprague-Dawley rats (200 ± 20 g) between 2 to 3 months age were randomly divided into three groups of 12. One group was treated with vehicle gel (Gel base). The second group was treated with 2% GA gel (Glucosamine), and the third wounded group labeled as the control group which received no treatment. On the day 0, under general anesthesia, a 1 cm 2 circular full-thickness wound was created on the posterior surface of each rat's neck. The debridement procedure was done in a standard way for all of the animals just after the wounding and repeated every 24 hours until the end of the study (the day in which at least one wound in any group of rats was completely closed).
After 15 days , the animals were sacrificed with a high dose of ether and full thickness skin biopsies (1cm×1cm) were taken from the wound site and fixed in buffered formaldehyde (pH=7.2) for histomorphometrical and stereological evaluations.
The study protocol was approved by the Animal Ethics Committee of Shiraz University of Medical Sciences and the animal care was in accordance with their guidelines.
Stereological study:
To determine the rate of the wound closure, digital photographs were captured from the wound surfaces every four days with a single lens digital camera. To calibrate the magnification of photographs, a standard ruler was set at the level of the wound in each photograph, and the wound area (mm 2 ) at each visit was estimated by using a software composed of a point grid, designed at our research centre ( Figure 1 ), and by using the following formula: Area= ∑ P × a/p; where ∑ P was the total points laid on the wound area and a/p, the area surrounded by every four crosses, was considered as the area per point (mm 2 ) [16, 17] . Thereafter, the wound closure rate was calculated as: Wound closure rate (%) = (area at visit 1 -area at each visit) / area at visit 1) ×100.
In a systematic random sampling manner, nine pieces of the skin samples, each about 1 mm 2 , were cut and prepared for stereological analysis. The pieces were embedded in a cylindrical paraffin block. Isotropic uniformly random (IUR) sections of the blocks with 5 µm and 15 μm thickness were obtained ( Figure 2 ) and stained with both Hedenhain's azan and hematoxylin-eosin stains. Microscopic analyses of the dermis were done using a video-microscopy system made up of a microscope (E-200; Nikon™; Japan) linked to a video camera and a flat monitor. The volume densities of the collagen bundles, vessels, and hair follicles (Vv; fraction of the unit volume of the dermis which is occupied by the collagen bundles, vessels, or hair follicles) were estimated by using the point counting method and the following formula: Vv (collagen or vessel or hair follicle/dermis) = P (collagen or vessel or hair follicle) /P (dermis) ; where P (collagen or vessel or hair follicle) was the number of points hitting the profiles of the collagen bundles, vessels, or hair follicles; P (dermis) was the number of points hitting the reference visible field (dermis) (Figure 3 ).
The length density (Lv) and the mean diameters of the vessels were estimated at final magnification of 450× by employing the 5 µm thickness slides and the following formula: L v =2×∑Q/ ((a/f)×∑f); where "∑Q" was the total number of the vessel profiles counted in each rat's sample, (a/f) was the area of the counting frame, and "∑f" was the total number of the frames counted per animal ( Figure 4 ).
The numerical density (Nv; number of the cells per unit volume of the dermis) of the fibroblasts was estimated by employing the 15 µm slides, the "optical dissector" method [16] , and the following formula: Nv=∑Q/∑A× h; where "∑Q" was the number of the nuclei coming into focus in the dissector height, "∑A" was the total area of the counting frame in all microscopic fields, and "h" was the height of dissector within which the nuclei were counted. The upper and the lower 5 µm were considered as "area of safety" ( Figure 5 ).
Statistical analysis of the data:
The data were collected, analyzed, and reported as mean and standard deviation (mean ± SD). Besides, the statistical comparisons between the groups were carried out by the SPSS statistical software (v.16.0). One-way analysis of variance (ANOVA), Tukey's post test, and Mann-Whitney U-test were used in order to analyze the data. Moreover, P ≤ 0.05 was considered as statistically significant.
Results
Area of the wounds
The mean initial area of the wounds was 104.63 ± 9.34 mm 2 and there were no significant differences among the three groups regarding the primary wound areas. Nevertheless, the rate of wound closure in 2% GA treated group was significantly higher in comparison to the control and the gel base treated groups (P <0.05) ( Figure 6 ). Of course, the rate of wound closure in the group treated with the gel base was similar to that of the control group (P >0.1).
Fibroblast population
Numerical density of the fibroblasts (Nv) in the dermis of the GA treated group was significantly higher than that of the control and the base groups. Numerical density of the fibroblasts in GA -treated groups was reported as 45.3% higher than the controls (P=0.003) and 45.6% higher than the base group. (P=0.003) (Table 1, Figure 7 ).
Volume density of the collagen bundles and hair follicles
The volume density of the collagen bundles was 32.3% and 46.5% higher in the GA-treated group compared to the control and the base groups, respectively, which both were statistically significant (P <0.001) (Table 1) ( Figure 7) . Consequently, the volume density of hair follicles was higher in the GA-treated group in comparison to the control (66.1%; P=0.043) and the base (210%; P=0.001) group (Table 1 ) ( Figure  7 ).
Volume density, length density and diameter of the vessels
The volume density of the vessels in the GA group was 11.7% (P=0.985) and 58.3 (P=0.818) higher than the control and the base group, respectively. In addition, the length density of the vessels was lower in the GA treated group compared to the control (P=0.873) and the base group (P=0.875). However, no significant differences were observed regarding the means of the vessel diameters (P=0.99) ( Table  1 ).
Discussion
Considering the importance of treating the skin wounds, finding more beneficial agents to enhance and improve the wound healing process have always been a concern for the researchers. GA is an aminomonosaccharide, made from chitin or chitosan, that is present in all human tissues and is produced by the addition of an amino group to glucose [12] . Many studies have been conducted on the wound healing effects of chitin and chitosan Topical administration of chitosan was reported to accelerate the infiltration of inflammatory cells such as polymorphonuclear leukocytes (PMN) and macrophages [18] . Chitosan was also exhibited to stimulate the secretion of inflammatory mediators which are involved in the process of wound healing such as tumor necrosis factor alpha (TNF-α), Interleukin(IL)-1, IL-2, IL-8, IL-12, macrophage inflammatory protein (MIP)-1α, MIP-1β, transforming growth factor (TGF)-β1, and platelet derived growth factor (PDGF) [19, 20] . Previous studies also reported that topical chitosan consumption improved the granulation tissue formation in skin wounds by increasing the production of collagen bundle synthesis (collagen type III) [18] . Synthesis of Osteopontin, a glycosylated phosphoprotein which is a ligand for the αvβ3 integrin, was stimulated by chitosan in migratory PMNs and was seen to have a significant role in the evolution of wound healing [18] . Complement activation and chemoattractant abilities of chitosan were the other mechanism of enhancing the PMN activity by this agent [21, 22] . Moreover, chitosan promoted the angiogenesis indirectly through complement activation which led to secretion of IL-8, a cytokine-induced neutrophil chemoattractant, by fibroblasts in vivo. Chitin and chitosan and their derivatives indirectly enhanced the fibroblast proliferation through stimulating the inflammatory cells to secrete IL-1 and some other mediators in vitro [6, 23] and in vivo [18] ; however, an in vitro study by Mori et al. [24] demonstrated that chitin and its derivatives such as GA (500 µg/ml) not only have no stimulatory effect on fibroblast proliferation but also reduced the rate of fibroblast proliferation in high doses, thus, we selected lower dosages of GA in order to prevent the possible negative effects of this substance on fibroblast proliferation, as a necessary requirement in the healing process, and to evaluate the healing effect in lower doses. In a clinical trial, Azad and his colleagues showed that efficient adherence, blood supplying, granulation tissue formation, and re-reepithelialization of the wound could be promoted by using chitosan mesh membrane as a wound dressing [25] .
GA, as a derivative of chitin and chitosan, was shown to have an immunomodulatory influence in atopic dermatitis like skin lesion in vitro by reducing T-helper 2 cells released cytokines such as IL-4 and IL-5 that improved the healing process of these lesions [26] . Hwang et al. [27] showed that GA increased the viability and inhibited reactive oxygen species production in immortalized human skin fibroblasts (HS68) cells exposed to UVB irradiation; pre-treatment of HS68 cells with GA inhibited UVB-induced production of the MMP-1 and MMP-13 collagenases. This antioxidative activity of GA, which is beneficial for wound healing, was also shown by some other investigations [10, 28] . Moreover, many studies suggested GA as an anti-inflammatory agent [29, 30] ; focusing on skin, Hong and colleagues [29] revealed that GA has anti-inflammatory ability through down-regulating COX-2 and MMP-13 expression by human skin fibroblasts. Furthermore, granulation tissue formation and angiogenesis in the wound site were seen to be promoted by the topical administration of poly-N-acetyl-glucosamine [31]. Takemoto et al. [32] declared that GA dose-dependently enhances the synthesis of osteopontin in rat's aortic smooth muscle which is not still examined in the skin. Although there were many studies conducted on different aspects of dermatological effects of GA, chitin, and chitosan [33] , Poly-N-acetyl glucosamine [31] , N-acetyl glucosamine [14] , a few investigations were found on GA and its wound healing effects via topical administration [7] . Results of this study demonstrated that GA significantly intensified collagen bundle synthesis and hair follicle production. Unlike the previous reports on inhibitory impacts of high dose GA on fibroblast proliferation, the population of fibroblasts was improved with the 2% GA gel consumption. Although GA treated group had increased the volume density of vessels and also the mean diameter, the overall impact on vascularization was not significant. Moreover, the wound closure rate, which is of the main criteria of skin repair, was significantly augmented by topical GA administration.
Overall, GA and chitosan have many effects and targets in common suggesting that GA is the major component of chitosan and chitin related to the wound healing effects of these agents. Briefly, according to the previous reports on different aspects of GA effects and the results of this experimental study, it was demonstrated that GA has the potent agent in the process of wound healing that can be consumed even as a treatment; however, still further evaluations on its mechanisms of action, feasible adverse effects and possibility of being administered clinically should be pointed by future investigations.
